One of the most promising space missions of ESA is the astrometric satellite Gaia, which will provide very precise astrometry and multicolour photometry, for all 1.3 billion objects to V ∼ 20, and radial velocities with accuracies of a few km s −1 for most stars brighter than V ∼ 17. Consequently, full homogeneous six-dimensional phase-space information for a huge number of stars will become available. Our Monte Carlo simulator has been used to estimate the number of white dwarfs potentially observable by Gaia. From this we assess which would be the white dwarf luminosity functions which Gaia will obtain and discuss in depth the scientific returns of Gaia in the specific field of white dwarf populations. Scientific attainable goals include, among others, a reliable determination of the age of the Galactic disk, a better knowledge of the halo of the Milky Way and the reconstruction of the star formation history of the Galactic disk. Our results also demonstrate the potential impact of a mission like Gaia in the current understanding of the white dwarf cooling theory.
INTRODUCTION
Gaia is an ambitious space mission (Perryman et al. 2001 ), adopted within the scientific programme of the European Space Agency (ESA) in October 2000 -see, for instance, http://astro.estec.esa.nl/GAIA/. It aims to measure the positions and proper motions of an extremely large number of objects with unprecedented accuracy. As a result, a three-dimensional map of the positions (and velocities) of a sizeable fraction of the stars of our Galaxy will be obtained, as well as solar system objects and extragalactic sources. The precision of the angular measurements will be of about 3 µas at 12 mag , 10 µas at 15 mag , and degrading to 200 µas at 20 mag . The satellite will continuously scan the sky, allowing for astrometric measurements on the so-called Astrometric Field (AF), and for broad-band photometry on a Broad Band Photometer (BBP). Full sky coverage will be possible because of the spin of the satellite around its own axis, which itself precesses at a fixed angle with respect to the Sun. Spectra and medium-band photometry will also be obtained for selected sources on the SPECTRO and MBP instruments, respectively, from which the radial velocity of the detected sources will be obtained. This will lead to the most complete and accurate map of the stars of our Galaxy.
Gaia will be the successor of the astrometric satellite Hipparcos, which was operative from 1989 to 1993. The scientific program of Hipparcos was more modest than that of Gaia since it measured the positions and proper motions of only 10 5 rather than ∼ 10 9 Galactic objects. Moreover, Hipparcos operated on the basis of an input catalogue. Instead, Gaia will determine its own targets. In order to do so, Gaia will use a series of sky mappers and a sophisticated on-board detection and selection algorithm to produce a list of targets to be subsequently followed in the AF, the MBP, the BBP and the SPECTRO instruments. Finally, the scientific products of Hipparcos were released only when the mission was complete, whereas some of the scientific data that Gaia will collect will be partially released during the 5 yr duration of the mission. disk (Winget et al. 1987; García-Berro et al. 1988; Hernanz et al. 1994; Richer et al. 2000) and the past history of the Galactic star formation rate (Noh & Scalo 1990; Díaz-Pinto et al. 1994; Isern et al. 1995; Isern et al. 2001) . Although the situation for the disk white dwarf population seems to be relatively clear and well understood, this is not the case for the halo white dwarf population. The discovery of microlenses towards the Large Magellanic Cloud (Alcock et al. 1996 , Alcock et al. 2000 Lasserre et al. 2001 ) generated a large controversy about the possibility that white dwarfs could be responsible for these microlensing events and, thus, could provide a significant contribution to the mass budget of our Galactic halo. In both cases Gaia will potentially have a large impact. Consequently, it is desirable to foresee which would be the scientific returns of Gaia in the field of white dwarfs.
In this paper we assess the number of white dwarfs potentially observable by Gaia. In doing this our Monte Carlo simulator Torres et al. 1998 ) has been used. Our results show which could be the impact of a mission like Gaia in the current understanding of the Galactic white dwarf population. This work is organized as follows. In §2 a brief description of our Monte Carlo simulator is given. Section 3 is devoted to analyze the results of our simulations, including the completeness of the samples of disk and halo white dwarfs, and the accuracy of the astrometric determinations of both samples. In this section a study of the expected disk and halo white dwarf luminosity functions which Gaia will presumably obtain is also done, and from this the scientific attainable goals are discussed in depth. Finally, §4 is devoted to summarize our conclusions and to discuss the results obtained here.
THE MONTE CARLO SIMULATOR
Since our Monte Carlo simulator has been thouroughly described in previous papers García-Berro et al. 2004) we will only summarize here the most important inputs. As in any Monte Carlo simulation one of the most important ingredients is a random number generator. We have used a pseudo-random number generator algorithm (James 1990 ) which provides a uniform probability density within the interval (0, 1) and ensures a repetition period of > ∼ 10 18 , which is virtually infinite for practical simulations. When gaussian probability functions are needed we have used the Box-Muller algorithm as described in Press et al. (1986) . Moreover, each one of the Monte Carlo simulations discussed below consists of an ensemble of 40 independent realizations of the synthetic white dwarf population, for which the average of any observational quantity along with its corresponding standard deviation were computed. Here the standard deviation means the ensemble mean of the sample dispersions for a typical sample.
In our simulations we have adopted a disk age ranging from 8 to 13 Gyr (see §3.3). White dwarfs have been distributed according to an exponential density law with a scale length L = 3.5 kpc in Galactocentric radius. A standard initial mass function (Scalo 1998 ) and a constant volumetric star formation rate were adopted, although in section §3.3 we also explore other star formation rates. The velocities have been drawn from normal laws:
) take into account the differential rotation of the disk (Ogorodnikov 1965) , and derive from the peculiar velocity (U ⊙ , V ⊙ , W ⊙ ) of the sun with respect to the local standard of rest, for which we have adopted the value (10, 5, 7) km s −1 (Dehnen & Binney 1997) . The three velocity dispersions (σU, σV, σW), and the lag velocity, V0, depend on the adopted scale height (Mihalas & Binney 1981) :
(2)
where the units are, respectively, kpc and km s −1 . We have used Hp = 500 pc. A standard model of Galatic absorption has been used as well (Hakkila et al. 1997 ).
In the model the halo is assumed to be formed 14 Gyr ago in an intense burst of star formation of duration 1 Gyr (see, however, §3.4 below). The synthetic white dwarfs have been distributed according to a typical isothermal, spherically symmetric halo:
where a ≈ 5 kpc is the core radius, ρ0 is the local halo density and R ⊙ =8.5 kpc is the Galactocentric distance of the Sun. A standard initial mass function was adopted as well. The velocities of halo stars were randomly drawn from normal distributions (Binney & Tremaine 1987) :
where σr and σt -the radial and the tangential velocity dispersion, respectively -are related by the following expression:
which, to a first approximation, leads to σr = σt = Vc/ √ 2 -see, for instance, Binney & Tremaine (1987) . For the calculations reported here we have adopted a circular velocity Vc = 220 km/s. From these velocities we obtain the heliocentric velocities by adding the velocity of the LSR vLSR = −220 km/s and the peculiar velocity of the sun. The velocity dispersions σr and σt are those determined by Marković & Sommer-Larsen (1996) . In particular, the radial velocity dispersion is given by:
whereas the tangential dispersion is given by:
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The values of the constants are, respectively σ0 = 80 km s −1 , σ+ = 145 km s −1 , r0 = 10.5 kpc and l = 5.5 kpc, The procedure to obtain the synthetic stars is the following. First, we randomly choose the three-dimensional coordinates of each star of the sample according to the adopted density laws. Afterwards we draw another pseudo-random number in order to obtain the main sequence mass of each star, according to the initial mass function. Once the mass of the progenitor of the white dwarf is known we randomly choose the time at which each star was born, according to the star formation rate of the population under study. Given the age of the corresponding population and the main sequence lifetime as a function of the mass in the main sequence (Iben & Laughlin 1989) we know which stars have lived long enough to become white dwarfs, and given a set of fully evolutionary cooling sequences for several white dwarf masses (Salaris et al. 2000) -which reproduce the so-called "blue hook" of hydrogen-rich (DA) white dwarfs -and the initial to final mass relationship (Iben & Laughlin 1989) , their present day luminosities and magnitudes. The magnitude is then corrected for Galactic extinction and reddening and converted to the instrumental magnitude of Gaia, G, which is related to the standard colours (V, V − I) by the expression (Perryman 2002) :
The typical errors in parallax depend on the magnitude (Perryman 2002) and are computed using the following fitting function: σπ ≃ 7 + 105z + 1.3z 2 + 6 10 −10 z 6
where σπ is given in µas and log z = 0.4(G − 15). The errors in parallax, σπ, and proper motion, σµ, in µas yr −1 , are related by σµ = 0.75σπ (Perryman 2002) .
In this way we end up with all the relevant information necessary to assess the performance of Gaia. It is important to mention at this point that since the number of synthetic stars necessary to simulate the whole Galaxy is prohibitively large we have only determined the number of white dwarfs that could eventually be detected within 400 pc of the sun. The number density of white dwarfs in this sphere of radius 400 pc was normalized to the local observed density of either disk (Oswalt et al. 1996) or halo white dwarfs (Torres et al. 1998) , depending on the population under study. Additionally, we have computed the total number of white dwarfs in a small window of 1
• × 1 • (termed a "pencil beam") for each of the three directions shown in figure 1. Since the direction l = 0
• , b = 0
• corresponds to the direction in the Galactic plane for which Galactic extinction, statistically speaking, is expected to be a maximum we have also computed the total number of white dwarfs in the direction l = 180
• , b = 0 • , Figure 1 . The adopted geometry for the Monte Carlo simulations.
which corresponds to a minimum extinction on the Galactic plane. Each of these pencil beams has a depth of 2000 pc and is again normalized to the observed local density of white dwarfs. Obviously, only the brightest white dwarfs will be seen at very large distances. After doing this we average our results over the corresponding octant and we repeat the procedure for the rest of octants. Finally we average our results over the whole sky in order to obtain an estimate of the total number of white dwarfs within 2 kpc of the sun accessible to Gaia.
RESULTS

Expected number of disk and halo white dwarfs
The total number of disk white dwarfs along the three above mentioned pencil beams of the first octant and the total number of white dwarfs accessible to Gaia are shown in table 1 for different limiting magnitudes, between G lim = 20 and 21, since the real limiting magnitude of Gaia will depend on the specific technical design. Also, in figure 2 we show the distribution of white dwarfs in a typical realization of the Monte Carlo simulations, as a function of their apparent G magnitude for each one of the three pencil beams considered here, and G lim = 20. The shaded histograms correspond to the case in which Galactic extinction has been taken into account, whereas the dashed histograms correspond to the case in which Galactic extinction was disregarded. As can be seen in figure 2 the effects of Galactic extinction are quite evident. Note as well that the number of white dwarfs potentially observable by Gaia decreases considerably when Galactic extinction is taken into account.
In figure 3 we show the distribution in the number of disk white dwarfs detected by Gaia as a function of their absolute magnitude, according to their errors in parallax, for 100, 200, 300 and 400 pc and G lim = 20. Fig. 3 shows that Gaia will detect faint white dwarfs up to considerable distances. It is noticeable that Gaia will detect white dwarfs Figure 2 . Total number of synthetic white dwarfs as a function of the Gaia apparent magnitude along the three small pencils beams discussed in the text. The shaded histograms correspond to the population obtained when Galactic extinction is taken into account, whereas the dashed lines correspond to the population obtained when Galactic extinction is neglected in the calculations. Table 1 . Number of disk white dwarfs for three patches of 1 • ×1 • in different regions of the sky (see text for details).
All sky 2.1 · 10 5 3.9 · 10 5 5.2 · 10 5
with Mv ≃ 16 mag -that of the observed cut-off of the disk white dwarf luminosity function -up to distances of 100 pc.
The total estimated number of white dwarfs within 100, 200, 300 and 400 pc can be found in the first row of table 2. Of these white dwarfs, those which pass the cut in G apparent magnitude for a limiting magnitude of 21 are given in the second row of table 2. The third row lists which of these will also have measurable proper motions. We have consid- ered that a white dwarf will have measurable proper motion when the error in proper motion is smaller than the proper motion itself. The completeness (ν21) of the sample necessary to build the white dwarf luminosity function is assessed in the last row of this table. As can be seen, Gaia will be able to detect the whole white dwarf population within 100 pc, and roughly half of it within 300 pc, decreasing to one third at distances of 400 pc, which represents a huge step forward in our knowledge of the white dwarf population. The second and the third sections of table 2 assess the accuracy of the astrometric measurements. Most of the detected white dwarfs will have good determinations for both the parallax and the proper motion (σµ/µ and σπ/π < 0.1) up to distances of more than 400 pc and superb accuracies (σµ/µ and σπ/π < 0.01) will be obtained for half of the sample up to distances of about 200 pc. The last sections of table 2 list the same quantities for a limiting magnitude of 20. Obviously the overall performances and the completeness of the sample will be in this case smaller. The same exercise can be done for the halo white dwarf population. However the results are not as encouraging as those obtained so far for the disk white dwarf population. The results for the halo white dwarf population are displayed in table 3 and figure 4. Perhaps the most important result of this set of simulations is that the number of halo white dwarfs which Gaia will be able to observe is likely to be of the order of a few hundreds, thus increasing enormously the total number of halo white dwarf candidates, which presently is of order 10 or less. However, the completeness of the sample even for 100 pc will be small -∼ 50% for a limiting magnitude of 21 and only ∼ 20% for a limiting magnitude of 20 -and decreasing rapidly for larger distances. Most importantly, Gaia will only be able to observe the bright portion of the halo white dwarf luminosity function. Hence, a direct determination of the age of the halo using the cut-off of the halo white dwarf luminosity function will not be pos- sible. Despite all this, the accuracy of the measurements of those halo white dwarfs detected by Gaia will be impressive since we will have extremely precise parallaxes for a good fraction of halo white dwarfs with distances of up to 400 pc, independently of the limiting magnitude.
Classifying halo and disk white dwarfs
The natural question which arises now is how to distinguish halo white dwarfs from disk white dwarfs. Obviously, due to gravitational settling in the atmospheres of white dwarfs the metallicity cannot be used. Although Gaia will be able to obtain radial velocities using the SPECTRO instrument it is unlikely that Gaia could determine the full threedimensional velocities of white dwarfs, since the SPECTRO instrument will be optimized for G < 17 main sequence stars. The reduced proper motion diagram can be of great help in distinguishing disk and halo members. An example of the expected reduced proper motion diagram that Gaia will obtain is shown in figure 5 . As can be seen there, the reduced proper motion H = MV − 5 log π + 5 log µ is a good indicator of the membership to a given population. Simulated halo white dwarfs occupy a clear locus in this diagram. However, for V − I < ∼ 0.2 the identification becomes less clear. Also shown in figure 5 is the line H0 = 7(V − I) + 17.2. Clearly, white dwarfs with H > H0 can be preliminarily ascribed to the halo white dwarf population. In order to make quantitative statements we introduce the confusion matrix:
where the matrix element C
11
H indicates the percentage of disk white dwarfs classified as "disk", C
21
H is the percentage of disk stars missclassified as "halo", and so on. Hence, the reduced proper motion, H, turns out to be a reasonable membership discriminator. In order to provide a more consistent and easy method to ascertain the population membership of white dwarfs we proceed in the spirit of Salim & Gould (2003) . That is, we introduce a discriminator η, by which we classify stars as a function of their position in the reduced proper motion diagram, their colour, and their Galactic latitude:
where the constants C1, C2 and C3 are computed in such a way that the distance, s, between the halo and the disk white dwarf populations is maximum:
where ND and NH are, respectively, the number of simulated disk and halo white dwarfs. The value of the constants obtained in such a way are C1 = 0.48, C2 = 0.40 and C3 = −4.83. This membership discriminator works slightly better than the reduced proper motion and distinguishes between disk and halo white dwarfs, but, again, only for those white dwarfs with colour indices V −I > ∼ 0.2. Moreover, those white dwarfs with η > η0 = 3(V − I) + 13.1 can be considered as good bonafide halo white dwarfs. It is interesting to realize that less disk white dwarfs are misclassified as halo members and vice versa. In fact the confusion matrix is in this case: Cη = 0.73 0.06 0.27 0.94 (15) Figure 6 demonstrates the difficulty of recovering halo white dwarfs. In this figure we show the distribution of our membership discriminator for both the halo and disk white dwarf populations. Both distributions are shown in a logarithmic scale for the sake of clarity. By examining this figure it turns out that the distribution of halo white dwarfs cannot be clearly discriminated from that of the disk. Moreover, disk white dwarfs outnumber halo members. Both distributions are approximately gaussian, and the average values and standard deviations of the membership discriminator for the disk and halo white dwarf populations turn out to be ηD ≃ 12.4 ± 2.3 and ηH ≃ 16.1 ± 2.2, respectively. Using this membership discriminator 82% and 83% of the whole disk and halo white dwarf populations are correctly classified at the 1σ level. It must be noted, however, that an artificial intelligence algorithm (Torres et al. 1998; García-Berro et al. 2003a ) can be succesfully used to classify white dwarfs, and that the results obtained using that algorithm are considerably better, since only 2% of disk white dwarfs are erronously classified as halo white dwarfs using advanced classification techniques.
The disk white dwarf luminosity function
Now that we have assessed the total number counts of disk white dwarfs we pay attention to some specific matters regarding the disk white dwarf luminosity function. In particular we ask to what precision the age of the Galactic disk can be estimated. In Fig. 7 we show the average of 40 independent realizations of the disk white dwarf luminosity function for several disk ages. Each curve is labelled with its corresponding age. The error bars are the standard deviation of the 40 independent realizations. The white dwarf luminosity functions have been computed using the 1/Vmax method (Schmidt 1968) . Hence, a set of restrictions is needed for selecting a subset of white dwarfs which, in principle, should be representative of the whole white dwarf population. We have chosen the following criteria for selecting the final sample: G ≤ 20 mag and no restriction in proper motion. The reason for this choice is quite simple. From the discussion in §3.1 it is clear that the sample of disk white dwarfs that Gaia will eventually detect is almost complete in magnitude up to G ≃ 20, and all white dwarfs within this sample will have measurable proper motions. Consequently, the proper motion cut does not play any role at all. This is in sharp contrast with the adopted magnitude and proper motion cuts actually in use to derive the observed disk white dwarf luminosity function: mV ≤ 18.5 mag and µ ≥ 0.16 ′′ yr −1 (Oswalt et al. 1996) . Additionally, and since the number of white dwarfs that are used in building the disk white dwarf luminosity function is much larger than the size of the actual sample of white dwarfs with known parallaxes and proper motions we have binned the luminosity function in smaller luminosity bins. To be precise, the binning is five bins per decade. Fig. 7 clearly shows that the error bars are small enough to secure a reliable determination of the age of the disk, using the observed cut-off in the disk white dwarf luminosity function. The easiest and more straightforward way to assess the statistical errors associated with the measurement of the age of the disk is trying to reproduce the standard procedure. That is, we have fitted the position of the "observational" cut-off of each of the Monte Carlo realizations with a standard method ) to compute the white dwarf luminosity function using exactly the same inputs adopted to simulate the Monte Carlo realizations, except, of course, the age of the disk, which is the only free parameter. To be more precise, we compute the disk white dwarf luminostiy function according to:
where Φ(MMS) is the initial mass function, Ψ(t) the star formation rate, t cool (L, MMS) the cooling time, tMS(MMS) the main sequence lifetime and τ cool (L, MMS) the characteristic cooling time. Moreover, for each independent realization we have fitted the "theoretical" white dwarf luminosity functions not only to the average value of the disk white dwarf luminosity function as obtained from our Monte Carlo simulations but also to the corresponding upper and lower values allowed by the error bars. In this way we end up with an estimate of the error in determining the disk age. The results are shown in table 4. As can be seen the errors will be small. The typical error estimate obtained using the actually observed white dwarf luminosity function is 1.5 Gyr, 5 times larger. Hence, Gaia will allow a precise determination of the age of the Galactic disk which may be compared with that obtained using other methods, like turn-off stars and isochrone fitting. In this case, moreover, it should be taken as well into account that Gaia will allow very rigorous tests of the main sequence and red giant stellar evolutionary models, so additional information will be available to constrain the (pre-white dwarf) stellar models. Next we ask ourselves if Gaia will be able to discriminate between different cooling curves and, hence, to place constraints on the physical mechanisms operating during the cooling process. More specifically, we want to show here that Gaia will be able to place constraints both on the mechanisms operating at high effective temperatures -basically neutrino cooling -and on the mechanisms which are dominant for relatively low core temperatures (crystallization).
Neutrinos are the dominant form of energy loss in model white dwarf stars down to log(L/L ⊙ ) ≃ −2.0, depending on the stellar mass. As a consequence, the evolutionary timescales of white dwarfs at these luminosities sensitively depend on the ratio of the neutrino energy loss to the photon energy loss, and, hence, the slope of the white dwarf luminosity function directly reflects the importance of neutrino emission. Although the unified electroweak theory of lepton interactions that is crucial for understanding neutrino production has been well tested in the high-energy regime -see, for instance, Hollik (1997) for an excellent review -the approach presented here should result in an interesting low-energy test of the theory. To this regard in Fig. 8 we show two disk white dwarf luminosity functions for which we have adopted different prescriptions for the cooling curves. In both cases we have adopted the evolutionary cooling sequences of Benvenuto & Althaus (1999) . However in one of the sequences (corresponding to open circles connected by a dashed line) neutrino emission has been artificially inhibited. In passing we also note that, opposite to what has been done so far, and for the sake of simplicity in this set of simulations we have adopted a single cooling sequence, corresponding to that of an average-mass 0.6 M ⊙ white dwarf made of pure oxygen. Fig. 8 clearly shows that the dropoff in the white dwarf luminosity function is not affected by the inclusion of the neutrino emissivity, as should be expected given that the neutrino-dominated cooling phase is very short in all cases. However the slope of the disk white luminosity function, which reflects the cooling rate, is sensitive to the treatment of neutrinos. More interestingly, Gaia will be able to measure the cooling rate and, thus, to probe the electroweak theory at low energies.
After examining the physical mechanisms that operate at moderately high luminosities, say log(L/L ⊙ ) > ∼ − 2.0, we focus now on one of the crucial issues in the theory of white dwarf cooling, namely on crystallization and phase separation a low core temperatures (Tc ∼ 10 6 K). In order to make reliable comparisons we adopt besides our own cooling sequences (Salaris et al. 2000) those of Benvenuto & Althaus (1999) . This set of cooling sequences is available for all the masses of interest, uses a modern equation of state and the internal chemical profiles of Salaris et al. (1997) . The only major difference between both sets of cooling sequences is the treatment of phase separation upon crystallization which in the case of the cooling sequences of Salaris et al. (2000) was properly taken into account, whereas in the cooling sequences of Benvenuto & Althaus (1999) it was disregarded. As discussed in Isern et al. (1997) the inclusion of phase separation upon crystallization adds an extra delay to the cooling (and, thus, considerably modifies the characteristic cooling times at low luminosities), which depends on the initial chemical profile (the ratio of carbon to oxygen) and on the transparency of the insulating envelope. In both sets of cooling sequences the thicknesses of the helium buffer and of the overlying hydrogen envelope are the same. Thus, the disk white dwarf luminosity function computed with those sets of cooling sequences should mostly reflect the treatment of crystallization. This is illustrated in Fig. 9 , where the luminosity functions computed with the cooling sequences of Salaris et al. (2000) -solid squares connected with a solid line -and with the cooling sequences of Benvenuto & Althaus (1999) for a disk age of 12 Gyr are displayed. Note that for moderately high luminosities -namely log(L/L ⊙ ) > ∼ − 4.0 -the agreement between both sets of calculations is very good. Obviously, for the same disk age, the cut-off of disk white dwarf luminosity function computed with the cooling sequences of Benvenuto & Althaus (1999) moves to lower luminosities, log(L/L ⊙ ) ≃ −5.0. Consequently, if a direct measure of the disk age with reasonable precision is obtained by an independent method, say via turn-off stars, Gaia will directly probe the physics of crystallization. It is worth noting as well that not only the exact location of the drop-off of the disk white dwarf luminosity function is affected by the details of the cooling sequences but also, the position and the shape of the maximum of the white dwarf luminosity function, thus allowing additional tests. Now we turn our attention to how the disk white dwarf luminosity function may be used to derive the Galactic star history. We have computed a series of models in which we have adopted different star formation rates. In all cases the adopted age of the disk was 12 Gyr. For the first of our models we have adopted (as earlier in the paper) a constant volumetric star formation rate. The second star formation rate is on which is exponentially decreasing with an e-folding Figure 11 . Luminosity function of massive disk white dwarfs for several star formation histories. The solid line corresponds to a constant volumetric star formation rate. The long dashed line corresponds to an episodic star formation rate and the short dashed solid line corresponds an exponentially decreasing star formation rate. The inset shows an expanded view of the region near the maximum of the luminosity function, where the episodic star formation rate can be better observed.
time τ = 4 Gyr. Finally, our last adopted star formation rate corresponds to episodic star formation, for which we have adopted a burst of constant strength that started 1 Gyr after the formation of the disk and lasting for 3 Gyr. For the rest of the time the star formation activity considered in this case was zero. The results are shown in Fig. 10 . As can be seen the white dwarf luminosity will be sensitive to the star formation history. However, recovering the exact dependence of the star formation history will be difficult since the inverse problem must be solved . From Eq. (16) it is clear that the origin of the problem is the long lifetimes of low mass main sequence stars García-Berro et al. 2003b ). This implies that the past star formation activity is still influencing the present white dwarf birthrate. This can be clearly seen in Fig. 10 . In order to solve Eq. (16) for the star formation rate there exist two alternatives. The first and most straightforward method requires an "a priori" knowledge of the shape of the star formation history and consists in adopting a trial function, depending on several parameters, and search for the values of these parameters that best fit the observed luminosity function by minimizing the differences between the observational and the computed luminosity function . The second possibility consists in computing the luminosity function of massive white dwarfs (Díaz-Pinto et al. 1994; Isern et al. 1999) , which have negligible main sequence lifetimes, thus making much easier the solution of the inverse problem.
In our simulations we obtain a sizeable fraction of massive white dwarfs, those with masses larger than say 0.8 M ⊙ , which varies from 7% for the constant star formation history, to 4% for the exponential one and to 3% for the episodic star formation history. These fractions are enough to obtain the history of the star formation activity in the solar neighborhood (Díaz-Pinto et al. 1994). Although these fractions may seem small when taken at face value, the absolute numbers Figure 12 . Luminosity function of halo white dwarfs. The solid line corresponds to the simulations presented here, assuming a recovery franction of 50%. The dashed line is the luminosity function of Torres et al. (1998) . See text for further details.
of massive white dwarfs are impressive, since for the case of a constant star formation rate, 700 massive white are expected to be found, whereas for the other two star formation histories 500 and 300 massive white dwarfs will be found respectively, thus allowing a determination of the luminosity function of massive white dwarfs. Such luminosity functions are shown in Fig. 11 for the three star formation rates studied here. As this figure clearly shows we will be able to obtain a reliable determination of the star formation rate. It is interesting to note that the slopes of the luminosity functions computed with a constant and an exponentially decreasing star formation rates are quite different now, in contrast with the behavior shown in Fig. 10 . Moreover the contribution of the episodic star formation rate is concentrated in the very last luminosity bins.
The halo white dwarf luminosity function
In figure 12 we show the luminosity function of halo white dwarfs that Gaia will observe for a halo age of 14 Gyr, and assuming that only 50% of the halo white dwarfs with H < 18 and V − I < 0.3 are correctly classified as halo white dwarfs. As borne out from Fig. 12 , Gaia will be able to measure only the bright portion of the white dwarf luminosity function of halo white dwarfs, which carries valuable information about the initial mass function. However, the cut-off of the luminosity function -which provides an independent estimate of the age of the stellar halo -will not be detected. This is obviously due to the cut in magnitudes of Gaia, which will be G ∼ 20 mag . According to this magnitude cut and given that the age of the stellar halo is t halo > ∼ 13 Gyr, a considerable fraction of halo white dwarfs will not be detected by Gaia. This is assessed in Fig. 13 , where the distribution of white dwarfs with G < 20 -those detectable by Gaia -is compared to the total population of halo white dwarfs. Clearly, very few halo white dwarfs with magnitudes close to that of the cut-off will be observed by Gaia, thus preventing us to directly measure the age of the Galactic halo. One important concern is whether or not the advanced classification techniques mentioned above are mandatory in order to obtain a reliable luminosity function. In order to check this issue we have proceeded as follows. First we have assumed that we are able to distinguish between halo and disk candidates with a success rate of 100%. After this, in a second set of calculations we have assumed that only 50% of halo white dwarfs are correctly recovered in the region delimited by H < 18 and V − I < 0.3. Finally, in a third set of calculations we have adopted a recovery fraction of 25% within this region. The halo white dwarf luminosity function presented in figure 12 corresponds to the second case. However, we have found that the results are relatively insensitive to the recovery fraction. The reason for this behaviour is easy to understand: the region in which disk and halo white dwarfs are not well identified corresponds precisely to the brightest white dwarfs and, hence, to luminosities for which the density of white dwarfs per unit bolometric magnitude is very small. Consequently, although Gaia will only determine the bright portion of the halo white dwarf luminosity function, there will not be serious systematic errors for luminosities log(L/L ⊙ ) > ∼ − 2.0. As we have shown, it is not expected that Gaia will directly measure the age of the Galactic halo by finding white dwarfs at the end of the halo white dwarf cooling sequence. However, one could imagine that the halo age could be still be somehow constrained since a younger halo could generate stars above the Gaia magnitude limit. In Fig. 14 we explore such possibility by adopting several halo ages and, again, assuming a recovery fraction of 50%. This figure clearly shows that for reasonable halo ages this is not the case, since the drop-off of the white dwarf luminosity function is located at luminosities well beyond the capabilities of Gaia, as anticipated in Isern et al. (1998a) .
In Fig. 15 we explore the sensitivity of the halo white dwarf luminosity function to the choice of the initial mass function. As we have done so far we have adopted a halo age of 12 Gyr and an age spread of 1 Gyr. We have simulated two halo white dwarf populations, the first one according to Figure 14 . White dwarf luminosity functions for several halo ages, ranging from 10 to 14 Gyr, assuming a recovery fraction of 50%. Figure 15 . Halo white dwarf luminosity functions for two initial mass functions, adopting a halo age of 12 Gyr and an age spread of 1 Gyr, again assuming a recovery fraction of 50%.
the initial mass function of Adams & Laughlin (1996) and the second one to our standard initial mass function (Scalo 1998) . Unfortunately Gaia will not be able to distinguish between these initial mass functions, as figure 15 clearly shows. This is not surprising at all. Assuming that the halo was formed in a burst of star formation of negligible duration, then for all white dwarfs we have:
This means that, given an age of the halo, tHALO, there exists a function MMS = MMS(L) or, in other words, that the white dwarfs contributing to each luminosity bin of the white dwarf luminosity function have the same mass. Taking this into account we have:
The first term in this equation is the initial mass function, whereas the second term is related to the cooling times. Hence, provided that we have reliable characteristic cooling Figure 16 . Mass in the main sequence contributing to each luminosity bin for a burst of star formation of negligible duration which happened 12 Gyr ago.
times, the halo white dwarf luminosity function could be eventually used to retrieve useful information about the initial mass function of the halo, if different from that of the disk populations. However, most of the information regarding the initial mass function concentrates in the low luminosity bins. In particular, in Fig. 16 we show the the mass of the main sequence which contributes to each luminosity bin of the halo white dwarf luminosity function. As can be seen there MMS(L) remains almost flat up to luminosities of the order of log(L/L ⊙ ) ≃ −3.5, and then a very steep rise can be observed. As we have already discussed, the number of halo white dwarfs of these very low luminosities that Gaia will probably observe is small and, consequently, will not allow us to draw definite conclusions about the shape of the initial mass function.
Finally, in Fig. 17 we explore the effects in the luminosity function of halo white dwarfs of different age spreads of the adopted burst of star formation. We have adopted a halo age of 12 Gyr, whereas the durations of the star formation bursts were 2 Gyr (short dashed line and solid triangles), 1 Gyr (solid line and filled squares) and 0.5 Gyr (long dashed line and open circles). As shown in Fig. 17 the three curves are almost indistinguishable, thus preventing us from obtaining a better understanding the process of formation of the Galactic halo by using the luminosity function of halo white dwarfs. The reason is quite simple and related to the behavior of MMS(L) as shown in Fig. 16 . In particular, we have that for the duration of the bursts of star formation adopted here (2, 1 and 0.5 Gyr) -which we believe cover a realistic range of age spreads -the corresponding masses of the white dwarfs just entering into the cooling phase are, respectively, 0.57, 0.59 and 0.61 M ⊙ , and thus their respective characteristic cooling times, τ cool , are very similar. Since at luminosities of log(L/L ⊙ ) ≈ −2 the function MMS(L) is almost flat, the bright branch of the luminosity function only reflects the speed of cooling, washing out any other information (Isern et al. 1998a ).
CONCLUSIONS AND DISCUSSION
In this paper we have explored the impact Gaia will have on our understanding of the Galactic white dwarf population. We have shown that the superb astrometric capabilities of Gaia will provide us with an unprecedented number of white dwarfs with excellent astrometric measurements. In particular we have shown that the disk white dwarf population will be probed up to distances of 400 pc, with typical errors smaller than 10%, both in proper motion and parallax and with a completeness ranging from nearly 100% for objects within 100 pc to 30% for objects within 400 pc, when a magnitude cut of Gcut = 21 is adopted. The performances, of course, are worse for a magnitude cut of 21. Thus, Gaia will determine with high accuracy the disk white dwarf luminosity function and its drop-off. We have also shown that this excellent situation will not pertain for the halo white dwarf population. In particular, although the astrometric measurements will be highly accurate as well, the completeness of the survey will be much smaller, typically 50% within 100 pc. We have also analyzed how to distinguish between halo and disk white dwarfs and we have demonstrated that although the reduced proper motion diagram will be of some help in this regard, advanced classification techniques will be required to extract the maximum amount of information from the halo white dwarf population. Finally, we have also studied what would be the typical disk and halo white dwarf luminosity functions that Gaia will eventually obtain, and we have analyzed what could be the attainable scientific goals. We have found that the disk white dwarf luminosity function will constrain the age of the Galactic disk with good accuracy, using the observed drop-off in the disk white dwarf luminosity function, very much improving the present day constrains. Gaia will provide very precise information on the physical mechanisms (crystallization, phase separation, etc) operating during the cooling process by comparing the theoretical luminosity functions of disk white dwarfs with the observations. The luminosity function of massive disk white dwarfs will constrain the star formation history of the Galactic disk, whereas the lower mass white dwarfs will offer few constraints. For the halo we have found that only the bright portion will be accessible to Gaia, thus preventing us from getting valuable information about the initial mass function of the Galactic halo, or even its age or the duration of hypothetical burst of star formation which led to its formation (at least from its white dwarfs).
White dwarfs are well studied objects and the physical processes that control their evolution are reasonably well understood -see, for instance, the reviews of Isern et al. (1998b) , Koester (2002) , Hansen & Liebert (2003) and -at least up to moderately low luminosities -of the order of log(L/L ⊙ ) = −3.5. In fact, most phases of white dwarf evolution can be succesfully characterized as a cooling process. That is, white dwarfs slowly radiate at the expense of the residual gravothermal energy. The release of this energy lasts for long time scales (of the order of the age of the Galactic disk ∼ 10 10 yr). The mechanical structure of white dwarfs is supported by the pressure of the gas of degenerate electrons, whereas the partially degenerate outer layers control the flow of energy. Precise spectrophotometric data -like those that Gaia will provide -would certainly introduce very tight constraints Figure 17 . White dwarf luminosity functions for several age spreads of the Galactic halo ranging from 0.5 to 2.0 Gyr, again assuming a recovery fraction of 50%.
on the models. Specifically, Gaia will allow us to test the mass-radius relationship, which is still today not particularly well tested, by analyzing the spectrophotometric data of white dwarfs with known parallaxes -which will be of the order of several hundreds (see table 3 ). By comparing the theoretical models with the observed properties of white dwarfs belonging to binary systems, Gaia will also be able to constrain the relation between the mass in the main sequence and the mass of the resulting white dwarf.
Given their long cooling timescales, white dwarfs have been used as a tool to extract useful information about the past history of our Galaxy. The large number of white dwarfs that Gaia will observe will allow us to probe the structure and dynamics of the Galaxy as a whole, tracing back a hypothetical merger episode in the Galactic disk (Torres et al. 2001 ). Moreover, it will provide new clues about the halo white dwarf population and its contribution to the mass budget of our Galaxy -see, for instance, Isern et al. (1998a) , Torres et al. (2002) and García-Berro et al. (2004) , and references therein. Additionally, the disk white dwarf luminosity function has been used to derive constraints on the rate of variation of the gravitational constant . The accuracy of this bound is mainly limited by the statistical significance of the very last bins of the white dwarf luminosity function. Given the huge step forward that Gaia will introduce in the number counts of disk white dwarfs it is foreseeable that a very tight upper limit onĠ/G will become eventually available. This, in turn, will pose tight constraints in current theories with extra dimensions (Lorén-Aguilar et al. 2003) .
In summary, in this work we have shown how an astrometric mission like Gaia could dramatically increase the number of white dwarfs accessible to good quality observations. The increase of the observational database will undoubtely have a large impact in our current understanding of the history and structure of the Galaxy as well as on the theoretical models of white dwarf cooling, which, in turn, will certainly influence our knowledge of the physics of dense plasmas. Nevertheless, follow-up ground-based observations, theoretical improvements and advanced classification meth-ods (Torres et al. 1998; García-Berro et al. 2003a ) will be needed in order to analyze the disk and halo populations.
